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It has been shown that during nephrotoxic serum
nephritis (NSN) there is an important increase of
urinary antigens released from the glomerular base-
ment membrane (GBM) in the rabbit [1, 2] and in
the rat [3]. This suggests a lysis of the GBM which
appears to be due to enzymes from the lysosomes of
activated polymorphonuclear leukocytes [1]. The
GBM is composed, in part, of a collagen-like glyco-
protein that contains a high percentage of disac-
charide units a-o-glucopyranosyl- 1 -2-/3-i-galacto-
pyranosyl- l-O-hydroxylysine (GIc-Gal-Hyl) [4], char-
acteristic of collagen. In the rat, this percentage
is 6% of the dry weight of the GBM [5]. Thus, it was
interesting to confirm the lysis of the GBM during
NSN and to determine if the disaccharide units
were affected by the phenomenon using a bio-
chemical assay of Glc-Gal-Hyl and its derivatives,
Gal-Hyl and Hyl, in urine. This assay could be of
interest for evaluating the degree of GBM destruc-
tion in human glomerulonephritis.
The confirmation of an increase in disaccharide
unit excretion raised the question of whether the
biosynthesis of these units was increased in the gb-
merular cells to replace the lysed material. This was
studied by measuring in isolated gbomeruli the activ-
ity of the specific glucosyl transferase catalyzing the
reaction [6]:
Gal-Hyl + UDP glucose — Glc-Gal-Hyl + UDP
Results indicate that biosynthesis of the GBM is
certainly of importance in the procedure of healing
of the GBM in gbomerulonephritis.
Methods
Nephrotoxic serum nephritis. Kidney cortices
were isolated from 40 Sprague-Dawley male rats
(500 g body wt) sacrificed by decapitation. They
were washed with 0.15 M sodium chloride at +4° C
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and homogenized with 1 ml of 0.15 M sodium chlo-
ride per gram of wet cortex in a Virtis-45 homoge-
nizer. Thirteen New Zealand rabbits (2 kg body wt)
were injected i.p. twice a week for 4 weeks with 3
ml of the following mixture: rat kidney cortex ho-
mogenate, complete Freund's adjuvant (Difco) (2:1,
volume per volume). The sera were taken 1 week
after the last injection, pooled, decomplemented 30
mm at 56° C, and absorbed with 1 volume of rat red
blood cells. The immunoglobulins of the serum
were concentrated by precipitation with 40% satu-
rated ammonium sulfate, then dialyzed against 0.15
M sodium chloride. A volume of 0.35 ml/lOO g body
wt of a nephrotoxin solution of 24 mg/mi was inject-
ed i.v. in Wistar rats. In experiment A, 8 experi-
mental animals and 8 controls (injected with 0.15 M
sodium chloride) of 215 9 g (so) were followed. In
experiment B, 15 experimental and 15 controls (8
injected with normal rabbit y-globulin, 7 injected
with 0.15 M sodium chloride) of 193 10 g were
studied. Urine samples were collected in ice during
16-hour fasting periods in metabolic cages (Hoeltge,
Cincinnati), then centrifuged at x I000g 20 mm and
frozen.
Preparation of glucosyl-galactosyl-hydroxy-
lysine. Gic-Gal-Hyl was purified from sponge
(Spongia officinalis) collagen (Fichard, Paris),
which has been reported as being very rich in car-
bohydrates [7]. The sponge was hydrolyzed in 2 N
sodium hydroxide, 20 hours at 105° C in poiy-
propylene tubes with screw caps at a concentration
of 15 mg/ml. After neutralization, the hydrolysate
was put onto Dowex SOWX4 200- to 400-mesh (140
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gig of sponge) hydrogen ion columns; elution was
performed with 1.5 N ammonium hydroxide. The
lyophilized eluate was further filtered according to
Spiro [4] on a Sephadex U-is column. The pure
fraction containing Glc-Gal-Hyl was identified by
the following criteria: characteristic Rf values in
high-voltage paper electrophoresis [8]; character-
istic elution pattern in ion-exchange chromatogra-
phy, with a Technicon amino acid analyzer having
two diastereoisomers (Fig. 1); and liberation of
equimolar amount of Glc, Gal, and Hyl after acid
hydrolysis (4 hours at 1000 C in 2 N sulfuric acid).
The yield was 24 moles of Gic-Gal-Hyl per gram
of sponge.
Preparation of galactosyl-hydroxylysine. Gal-
Hyl was isolated from beef bone collagen (Gelatine,
Grenetine, Prolabo, Paris) by preparative high-volt-
age electrophoresis after alkaline hydrolysis and de-
salting on Dowex 50WX4 hydrogen ion columns.
The criteria of purity were the same as they were
for Gic-Gal-Hyl. The yield was: 7 tmo1eslg of gela-
tine powder.
Biochemical assays. Total protein concentration
was determined according to Lowry et al [9] with
bovine serum albumin (Sigma) as standard. In
urine, the proteins were first precipitated by tn-
chioracetic acid (5% final concentration) and solubi-
lized in 0.1 N sodium hydroxide. Albumin was mea-
sured by the bromocresol green reaction according to
Rasanayagan et al [10]. Creatinine was determined
by the Folin and Wu procedure according to Chas-
son, Grady, and Stanley [ii]. Neutral sugars were
measured by the orcinol reaction [12].
Assay of the hydroxylysyl glycosides. Total free
and protein-bound hydroxylysyl glycosides (Glc-
Gal-Hyl, Gal-Hyl, as well as unglycosylated Hyl and
Lys) were measured in urine samples with the fol-
lowing steps: (1) Addition to 1 ml urine of 0.1 tCi of
14C-leucine (New England Nuclear) as an internal
standard, in a polypropylene tube with a screw cap.
(2) Addition of i ml of 4 N sodium hydroxide and
alkaline hydrolysis for 20 hours at 1050 C. (3) Titra-
tion with hydrochloric acid at room temperature to
bring the pH to 3.5. (4) Desalting on Dowex 50 W X
4 (hydrogen ion form) and elution with 1.5 N ammo-
nium hydroxyide. Evaporation and dissolving with
0.2 ml water. (5) Deposit for high-voltage elec-
trophoresis 80 mm at 4000 volts on 2.5-cm large pa-
per bond. Standards of Glc-Gal-Hyl, Gal-Hyl, and
amino-acids were run in parallel [8]. (6) Two por-
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Fig. 1. Elution patterns of GIc-Gal-Hyl standard, Gal-Sly! standard, and rat urine obtained using a Technicon amino acid autoanalyzer
column (chromobeads type B, 140 X 0.6 cm). Arrows indicate the position of the two diastereoisomers of Gic-Gal-Hyl and Gal-Hyl.
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tions were cut and eluted with water: (a) the portion
of all dibasic aminoacids including Gic-Gal-Hyl and
Gal-Hyl (excluding Tyr and Phe, which would fur-
ther interfere with Gal-Hyl elution peak on the
amino acid analyzer), (b) the Leu region for counting
of radioactivity giving the recovery percentage of
steps 1 to 6. (7) Addition, to the dibasic amino acids
eluted, of 100 nmoles of norleucine as second inter-
nal standard. (8) Ion-exchange chromatography on
the Technicon amino acid analyzer [4] (Fig. 1).
Assay of glomerular glucosyl-transferase. Fif-
teen nephritic and fifteen control rats were sacri-
ficed on day 11 (experiment B) under sodium thia-
mylal anesthesia by extensive bleeding from the
aorta. The kidneys were removed and frozen imme-
diately at —78° C in a parafilm bag.
For the preparation of single kidney glomerular
protein solution, each kidney was brought to 4° C,
and the cortex was isolated and cut into small
pieces. The next steps were carried below 5° C. The
cortex was forced through a stainless steel 100-
mesh sieve and rinsed with saline; the glomeruli
were retained on a 250-mesh sieve [5]. They were
then suspended in 0.15 M Tris acetate (0.15 M so-
dium chloride buffer; pH, 6.8) in a minimal volume
(0.5 to 1 ml) and sonicated in ice 10 x 10 sec with
cooling intervals of 20 sec. The suspension was cen-
trifuged at x 10,000g for 10 mm; the supernatant,
dialyzed overnight against 0.15 M Tris acetate and
0.15 M sodium chloride buffer contained 189
(SD) 51 g of protein per milliliter.
The incubation conditions were as follows: 37° C,
24 hours, in a shaking water bath, 0.15 M Tris ace-
tate buffer (pH, 6.8) containing 0.15 M sodium chlo-
ride, 25 m manganese acetate, 25 M mercap-
toethanol [6], in a final volume of 0.1 ml. The sub-
strates were: uridine diphospho-D-glucose 14C-
ammonium (uniformly labeled), 240 mCi/mmole,
from New England Nuclear, 1 tCiJ0. 1 ml; and Gal-
Hyl at the concentration of 0.39 mole/0.l ml. We
added 80 p1 of the glomerular proteins. The reaction
was stopped by adding 0.4 ml of 2.5 N sodium hy-
droxide, and the solutions were transferred to a wa-
ter bath at 56° C for 30 mm. The product 14C-Glc-
Gal-Hyl was measured as follows: Each incubation
medium was diluted with 9 ml water, titrated to pH
3 with hydrochloric acid, and put onto 35 X 19-mm
columns containing 7.5 g (wet weight) of Dowex
50WX4, hydrogen ion form (200 to 400 mesh),
which were washed with 130 ml water then eluted
with 35 ml of 1.5 N ammonium hydroxide. This
eluate was lyophilized and deposited on Whatman
no. 3 paper strips for high-voltage electrophoresis
[8], in parallel with standards of Glc-Gal-Hyl and
Gal-Hyl. After electrophoresis, the strips were
scanned on a Packard radiochromatogram scanner,
and the spots of 14C-Glc-Gal-Hyl were eluted after-
wards with water and the eluates were counted by
liquid scintillation in a Nuclear Chicago counter
Mark I. The enzyme activity was expressed in dis-
integrations per minute (dpm) per 24 hours per mi-
crogram of glomerular protein, or in picomoles of
Gic-Gal-Hyl per 24 hours per microgram of protein,
knowing the specific activity of Gic-Gal-Hyl, identi-
cal tothe substrate, to be 528 dpmlpmole.
The validity of the enzymatic determination was
tested with standards of various concentrations of
kidney cortex enzyme preparation from 9-days-old
Sprague-Dawley rats prepared according to Spiro
and Spiro [6].
Results
Nephrotoxic nephritis. The evolution of protein-
uria, albuminuria, and creatininuria in experiment A
is shown in Fig. 2. The heterologous phase, due to
the fixation of the rabbit nephrotoxic antibodies on
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Fig. 2. Proteinuria, albuminuria, and creatinuria during nephro-
toxic nephritis in the rat. Closed circles (•) denote nephritic rats,
mean SEM; open circles (0), control rats; asterisks represent
P < 0.05 (*); P < 0.01 (**); P < 0.001 (***).
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Fig. 3. Urinary excretion of total (peptide-bound and free) hy-
droxylysyl glucosides during nephrotoxic serum nephritis.
Hatched rectangles represent the mean value SEM in nephritic
rats; white rectangles represent the control values; asterisks rep-
resent P < .05 (C), P < .01 (**); P < .001 (***).
the GBM, usually maximum on day 1 [13], is here
moderate, at the limit of significance (P < 0.05 for
the proteinuria on day 1). In contrast, the autolo-
gous phase, due to the secondary fixation of the rat
antirabbit-y-globulin antibodies on the GBM, is
very intense (maximum on day 13). The progressive
increase of proteinuria, as well as that of creatininu-
na, after day 48 is due to increase in body weight:
the ratio of proteinuria to creatininuria remains
stable from day 48 to day 64.
Albumin in urine and serum is modified to a great-
er extent than are total proteins. In experiment A,
on day 13 at the maximum of the autologous phase,
albuminuria is increased 25 times in comparison
with controls; total proteins, 7 times. In experiment
B, albuminemia is decreased to 83% of the control's
value (20 0.8 vs. 24.3 0.5 mg/ml, P < 0.001);
proteinemia, to 89% of the control's value (53.8
1.3 vs. 60.4 1.4 mglml, P < 0.005). Thus, albu-
minuria and albuminemia are used as the major in-
dicators of glomerular lesions.
Excretion of hydroxylysyl glycosides in urine.
During the heterologous phase, on day 1, no signifi-
cant difference is detected between the experimen-
tal and the control groups (Fig. 3). In contrast, on
days 9 and 13 we observe a significant increase in
the excretion of Glc-GaI-Hyl, Gal-Hyl, and total
Hyl. The proportion of glycosylated Hyl remains
unchanged, but the ratio of Gic-Gal-Hyl to Gal-Hyl
decreases on day 13. The urinary excretion of Glc-
Gal-Hyl, Gal-Hyl, or unglycosylated Hyl is signifi-
cantly correlated with proteinuria in nephritic or
control rats (Table 1).
Validity of the glucosyl transferase assay. The
curve of glucosyl transferase activity as a function
of the concentration of the standard kidney cortex
protein is linear up to 10,000 dpm of Glc-Gal-Hy1124
hr, corresponding to a substrate excess (Fig. 4). The
activities found in the glomerular protein solution
are of the same magnitude. Control incubations
12,500
Table 1. Correlation between proteinuria and hydroxylysyl glycoside excretion in urine
Y X N r P Y=aX+b
Glucosyl-galactosyl-hydroxylysine proteinuria 32 0.34 =0.05 Y = 2X + 19
Galactosyl-hydroxylysine proteinuria 32 0.64 <0.001 Y = 5X + 14
Total hydroxylysyl glycosides proteinuria 32 0.57 <0.01 Y = 8X + 33
Unglycosylated hydroxylysine proteinuria 28 0.89 <0.001 Y = 16X + 14
Total hydroxylysine proteinuria 27 0.85 <0.001 Y 24X + 47
Lysine proteinuria 32 0.89 <0.001 Y = 432X + 258
Abbreviations used: X (mg/hr) and Y (nmoles/hr) correlated values; N, number of values; r, correlation coefficient; P, probability;Y = aX + b, equation of regression line.
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Fig. 4. Glucosyl transferase activity as a function of rat kidney
cortex standard protein concentrations.
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dpmIIO p.gprotein P
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3350 410 (N = 14)
5760 570 (N = 15) <0 005
with toluene added to the kidney enzyme give re-
suits similar to the kidney without toluene, Besides,
control incubations with substrates and buffer
alone produced no radioactive Gic-Gal-Hyl. So the
glucosyl transferase activity measured does not ap-
pear to be due to any bacterial contamination of the
giomerular protein solutions.
Glucosyl transferase activity in glomeruli during
Masugi nephritis. There is a significant increase
(72%) in the activity of the glomeruli of rats during
the autologous phase of nephritis, on day 11 of ex-
periment B (Table 2). Besides, at this stage there is
a positive correlation between glomerular giucosyl
transferase activity and albuminuria (Fig. 5a) and a
negative correlation between glomerular glucosyl
transferase activity and albuminemia (Fig. Sb) in the
whole population of nephritic and control rats. No
difference in glucosyl transferase activity or in pro-
teinuria is detected between the control rats inject-
ed with saline and those injected with normal rabbit
y-globulin.
Discussion
A possible source of error in the measurement of
the excretion of hydroxylysyl glycosides could be
an interference of other urinary substances with the
elution peaks of Gic-Gal-Hyl or Gal-Hyl. This does
not appear to be a problem in our experiment, as we
observed a complete disappearance of both peaks in
pooled nephritic or normal urine samples after mild
acid hydrolysis (in 2 N sulfuric acid, 4 hours at
105° C) which splits glycosidic but not peptidic
bonds. Conversely, it is possible that the values of
the hydroxylysyl glycosides could be undervalued
by partial destruction during alkaline hydrolysis.
The 14C-leucine which was used as internal standard
should correct for such loss. The amino acid has
been reported by Spiro [4] as being recovered simi-
larly (85% approximately) to Glc-Gal-Hyl after al-
kaline hydrolysis. To confirm the validity of this
internal standard, we have studied the recovery, in
hydrolyzed urines, of Glc-Gal-Hyl labeled by tn-
tium on the galactose according to Puett et al [14].
The recovery was indeed the same as that of leu-
cine.
Table 2. Glomerular glucosyl transferase activity at day 11
(autologous phase) of nephrotoxic serum g1omeru1onephritis
Experiment B. Values are means SEM.
b The incubation was done with 15.1 4.1 g (SD) of gb-
merular protein in 100 jsg, during 24 hours.
2.0
1.5
r =
—0.59
P <0.001
r + 0.54
P<0.005
S
S
ci)0
Q
0
ci)
0
0c
1/)
ci)0
Q
>
cci
o0
1.
S
• S
•.
200
0.
0
II)
E 1.50
Oc
0)
1.0
? 0.500
0
Fig. 5. ACorrelation between glomerular glucosyl tran,ferase activity and albuminuria in the whole population of nephritic and normal
rats (N =29). B Correlation between glomerular glucosyl transferase activity and albuminemia in the whole population of nephritic and
normal rats (N = 29).
0.
.
2 4 6 8 10
Albuminuria, mg/hr
••
•
15 20 25
Albuminemia, gi/iter
30
334 Sternberg et a!
Table 3. Polypeptide-bound and free hydroxylysyl glycosides in
nephritic and control rat urine samples during the autologous
phase of nephrotoxic nephritis
Nephritic Control
Total Gic-Gal-Hyl, nmoles/hr 98.7 32
Total Gal-Hyl,nmoles/hr 41.2 27.9
Total Hyl-glycosides, nmoles/hr 140 60
Peptide-bound Hyl glycosides, % 93 55
Gic-Gal-Hyl/Gal-Hyl
of total Hylglycosides 2.51 1.87
of peptide-bound
Hyl glycosides 2.64 2.85
of free Hyl glycosides 0.81 0.40
Proteinuria, mg/hr 3.15 0.757
Albuminuria, mg/hr 2.28 0.101
Creatininuria, mg/hr 0.397 0.418
Diuresis, mi/hr 0.375 0.450
Single urine samples on day 20 of experiment A were stud-
ied.
Polypeptide-bound hydroxylysyl glycosides were retained
on UM2 Amicon filter (retentivity> 1,000 mol wt) after filtration
and extensive washing under 60 pounds/square inch nitrogen
pressure.
The proportion of the urinary hydroxylysyl
glycosides that is peptide-bound is greater in
nephritic urine (93%) than it is in control urine
(55%), as shown in Table 3. Besides, the ratio of
Glc-Gal-Hyl to Gal-Hyl is much higher in the pep-
tide-bound fraction than it is in the free fraction,
suggesting that the peptide-bound fraction origi-
nates in the basement membranes. Indeed, the ratio
of Gic-Gal-Hyl/Gal-Hyl is 5.7 in the rat GBM and
3.7 in human GBM [5] versus 1.6 in human skin col-
lagen, 1.3 in human tendon collagen, and 0.15 in
adult bone collagen [15]. Hydroxylysyl glycosides
can only originate in basement membranes and col-
lagens and in plasma Clq, the amount of Clq being
very limited.
The injection of nephrotoxic y-globulins is fol-
lowed by the fixation of rabbit y-globulins on the
capillary basement membranes of various organs
but with a high selectivity for the kidney, as shown
in Table 4. The lesions produced in the kidney by
the nephrotoxic antibodies are mainly glomerular
[17]. Thus, we can assume that the major source of
the increased hydroxylysyl glycosides is the gb-
merular basement membrane.
The increased excretion takes place only during
the autologous phase (much more intense than the
heterologous phase as attested by the proteinuria).
At this same stage, there is an increased synthesis
of Glc-Gal-Hyl, with elevated glucosyl-transferase
activity in the isolated glomeruli correlated with the
albuminuria and therefore with the degree of altera-
tion of the glomerular permeability. So there ap-
pears to be an increased turnover of the disaccha-
ride units of the glomerular basement membrane
during the nephrotoxic nephritis.
There is a marked increase of Gal-Hyl on day 13,
more pronounced than the increase of Glc-Gal-Hyl,
with a decrease in the ratio of Glc-Gal-Hyl to Gal-
Hyl. This phenomenon disappears by day 20 (Table
3) when the ratio of Glc-Gal-HyllGal-Hyl is in-
creased to 2.6. The explanation of this phenomenon
could be the action of a kidney a-glucosidase,
which splits the glucose from Glc-Gal-Hyl trans-
forming it into Gal-Hyl (Sternberg and Spiro, J Biol
Chem in press), whereas the kidney J3-galactosidase
hydrolyzing Gal-Hyl is very weak, allowing Gal-
Hyl to remain stable.
The ratio of Glc-Gal-Hyl to Gal-Hyl found in the
normal control rats is similar to that found in normal
adult human urine by Segrest and Cunningham [15],
which varies from 0.8 to 1.4. These authors studied
various diseased human urine samples, but no cases
of glomerulonephritis. They observed an increased
excretion of hydroxylysine glycosides after severe
Table 4. Percentages of specific fixing of nephrotoxic serum y-globulins tabled with 125J in various organs at day 7 after intravenous
injection to the rat
Specific fixation
per gram organ (wet)a
%
Specific fixation
in the whole organ
%
Specific fixation
per gram organ
relative %
Specific fixation
in the whole organ
relative %
Kidneys 0.237 0.021 0.945 0.89 100 100
Spleen 0.084 0.012 0.105 0.009 35.4 10.4
Lungs 0.046 0.004 0.128 0.016 19.4 13.4
Liver 0.029 0.001 0.603 0.046 12.2 64.7
Testes 0.014 0.001 0.041 0.006 5.9 4.3
Gut 0.021 0.006 NDC 8.8 ND
Muscle 0.002 0.0002 ND 1.1 ND
Calculated by comparison with normal rabbit y-globulins labeled with 131J, as previously described [16].
1) Percentages are means from 4 rats SEM.
ND = not determined.
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skin burns, hyperthyroidism, rheumatoid arthritis,
and in one case of systemic lupus erythematosus
(without information concerning the existence of
proteinuria). They measured only free hydroxy-
lysine glycosides.
Askenasi [18, 19] studied free hydroxylysine
glycosides, free unglycosylated hydroxylysine, and
total bound hydroxylysine in human urine samples
and found an increased level of total bound hy-
droxylysine after skin necrosis, bone metastases,
and myeloma. He did not study any case of glomer-
ulonephritis. The ratio of total bound Hyl to total
Hyl was 0.26 in bone metastases and 0,06 in normal
urine. It must be underlined that this ratio is dif-
ferent from the ratio of peptide-bound hydroxylysyl
glycosides to total hydroxylysyl glycosides that we
have measured, and that proteins in normal rat
urine are about ten times more concentrated than
they are in normal human urine.
So the increase of glycosylated hydroxylysine
during glomerulonephritis in the rat, which is main-
ly due to an increase of the peptide-bound fraction
of a molecular weight over 1,000 daltons, seems to
be a good indicator of basement membrane damage.
Summary
During nephrotoxic nephritis in the rat, an in-
creased urinary excretion of glucosyl-galactosyl hy-
droxylysine and of galactosyl-hydroxylysine has
been observed in the autologous phase of the dis-
ease. This is due mainly to an elevation of the poly-
peptide-bound fraction of these hydroxylysyl gluco-
sides with a molecular weight over 1,000 daltons.
The levels of both urinary hydroxylysyl glucosides
were correlated with proteinuria. Their increased
excretion appears to originate in the lysed glomeru-
lar basement membrane. At the same stage of neph-
rotoxic nephritis, an increased glucosyl transferase
activity could be demonstrated in the isolated
glomeruli, correlated with albuminuria, attesting a
higher turn-over of the disaccharide units of the gb-
merular basement membrane.
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